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ABSTRACT 

@%d, . T h i s  memorandum documents work performed i n  t h e  
summer of 1 9 6 9  i n  suppor t  of Space Task Group p lanning  
act ivi t ies .  
w a s  directed towards ambitious Mars landing  missions wi th  
many landings  p e r  mission. 
s u r f a c e  landing systems might o f f e r  some advantages and a 
p re l imina ry  a n a l y s i s  w a s  undertaken t o  examine t h e  tradeoffs 
involved.  
v ived  i n  planning e x e r c i s e s  addressing c a p a b i l i t i e s  by t h e  
yea r  2000.  

P 
A t  t h a t  t i m e  manned p l a n e t a r y  program emphasis 

I t  appeared t h a t  t o t a l l y  r eusab le  

I n t e r e s t  i n  these missions has been r e c e n t l y  re- 

A Mars Excursion Module (MEM) i s  u t i l i z e d  fo r  c r e w  , 
and cargo  d e l i v e r y  from M a r s  c ap tu re  o r b i t  t o  t h e  s u r f a c e  and 
r e t u r n .  Herein,  p o s s i b l e  MEM o p e r a t i o n a l  modes which could 
have a s u b s t a n t i a l  impact on MEM des ign  and t h e  o v e r a l l  m i s s i o n  

The e f fec t  of o r b i t a l  and su r face  r e f u e l i n g ,  which may be achiev- 
able i n  a s s o c i a t i o n  wi th  advanced bases, is  a l so  d iscussed .  

a ,  
. I  

I . '  
p lan  are eva lua ted ,  w i t h  p a r t i c u l a r  emphasis on r e u s a b i l i t y .  

I t  i s  concluded t h a t  r e u s a b l e  v e h i c l e s  are s i g n i f i -  
c a n t l y  heav ie r  than  t h e i r  nonreusable coun te rpa r t s  and would 
m o s t  l i k e l y  be p r a c t i c a l  only i n  a s s o c i a t i o n  w i t h  l o w  c i r c u l a r  
Mars cap tu re  o r b i t  ope ra t ions .  P r o p e l l a n t  r equ i r ed  f o r  a re- 
u s a b l e  MEM r e f u e l e d  from o r b i t  weighs more than t h e  nonreus- 
able  vehicle ( p r o p e l l a n t  p l u s  dry weight)  by a f a c t o r  of 
approximately t w o  and a h a l f .  A Mars mission performed wi th  
r e u s a b l e  M E M ' s  would therefore have g r e a t e r  i n i t i a l  weight t h a n  
a s i m i l a r  mission u t i l i z i n g  nonreusable M E M ' s  r e g a r d l e s s  of t h e  
number of s u r f a c e  landings.  Reusable M E M ' s  r e f u e l e d  from o r b i t  
would be j u s t i f i a b l e  only i f  r e c u r r i n g  c o s t s  of nonreusable ve- 
h i c l e s  overshadowed t h e  a d d i t i o n a l  t r a n s p o r t a t i o n  c o s t s  t o  accom- 
modate t h e  increased mission weight and t h e  a d d i t i o n a l  c o s t  of 
r e u s a b l e  MEM v e h i c l e  development. 

A no tab le  savings i n  r e u s a b l e  v e h i c l e  weight can be 
achieved i f  r e f u e l i n g  on t h e  su r face  i s  p o s s i b l e .  
t e m  could  be a t t r a c t i v e  for  su r face  t o  o r b i t  o p e r a t i o n s  on 
advanced Mars missions.  However, manufacturing p r o p e l l a n t s  
on t h e  s u r f a c e  of Mars f o r  t h e  p l a n e t a r y  s p a c e c r a f t  r e t u r n  
t r i p  t o  ear th  r e q u i r e s  such a l a r g e  number of r e f u e l i n g  f l i g h t s  
as t o  appear imprac t i ca l .  

Such a sys- 
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MEMORANDUM FOR FILE 

In t roduc t ion  

This memorandum documents work performed i n  t h e  
summer of 1 9 6 9  i n  suppor t  of Space Task Group planning 
a c t i v i t i e s .  A t  t h a t  t i m e  manned p l a n e t a r y  program emphasis 
w a s  d i r e c t e d  towards ambitious Mars landing  missions with 
many landings pe r  mission. I t  appeared t h a t  t o t a l l y  r eusab le  
s u r f a c e  landing  systems might o f f e r  some advantages,  and a 
pre l iminary  a n a l y s i s  was undertaken t o  examine t h e  t r a d e o f f s  
involved. 

I n  t h e  I n t e g r a t e d  Program of Space U t i l i z a t i o n  
(References 1-3) c i s l u n a r  missions are t o  be performed wi th  
r eusab le  propuls ion  modules and long t e r m  hardware. Key 
propuls ion  and mission module e l e m e n t s  developed f o r  cis-  
l u n a r  ope ra t ions  would be extended f o r  use on manned plane-  
t a r y  missions.  I n  accordance wi th  t h e  philosophy of reus-  
a b i l i t y  i t  i s  of i n t e r e s t  t o  examine t h e  impact of reus- 
a b i l i t y  and t h e  conf igu ra t ion  and performance of t h e  Mars 
Excursion Module (MEM) u t i l i z e d  f o r  c r e w  d e l i v e r y  from 
Mars cap tu re  o r b i t  t o  t h e  su r face  and r e t u r n .  I n  t h i s  
memorandum p o s s i b l e  ope ra t iona l  modes f o r  t h e  MEM (consis-  
t e n t  w i th  o t h e r  hardware elements i n  t h e  I n t e g r a t e d  Program) 
which could have a s u b s t a n t i a l  impact on MEM des ign  and t h e  
o v e r a l l  mission are evaluated w i t h  p a r t i c u l a r  emphasis on 
MEM r e u s a b i l i t y .  Four gener ic  classes of MEM v e h i c l e s  a r e  
compared : 

. Nonreusable vehic les  w i t h  one o r  t w o  
a s c e n t  s tages ,  

. Reusable veh ic l e s  r e f u e l e d  from the 
p l a n e t a r y  s p a c e c r a f t  i n  Mars parking 
o r b i t ,  and 

. Reusable veh ic l e s  r e f u e l e d  on the 
Mart ian s u r f a c e  u t i l i z i n g  p r o p e l l a n t s  
manufactured i n  s i t u .  
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I t  i s  presumed t h a t  f o r  r eusab le  concepts  s u b s t a n t i a l  
amounts of p r o p e l l a n t  a r e  e i t h e r  d e l i v e r e d  t o  Mars o r b i t  wi th  
t h e  mission module, o r  manufactured a t  a l a r g e  permanent base 
e s t a b l i s h e d  p r i o r  t o  t i m e  of opera t ion .  

A system opt imiza t ion  of t h e s e  concepts has  n o t  
been undertaken h e r e i n ;  r a t h e r  e s t ima ted  v e h i c l e  cha rac t e r -  
i s t i c s  are employed fo r  performance comparisons. Ne i the r  
h a s  an a t tempt  been made t o  address such f a c t o r s  a s  d i f f e r e n c e s  
i n  development c o s t  between reusable  and nonreusable  MEM sys-  
t e m s ,  packaging e f f i c i e n c y  fo r  launch, o r  o r b i t a l  r e f u e l i n g  
and r e f u r b i s h i n g  ope ra t ions ,  some of which could cha l lenge  
t h e  f e a s i b i l i t y  and p r a c t i c a l i t y  of t h e  r eusab le  approach. 

MEM Design Concepts 

Nonreusable M E M ' s  have been considered i n  some de- 
t a i l  i n  previous s t u d i e s  (Reference 4 and 5 )  i n  which des ign  
and s c a l i n g  r e l a t i o n s h i p s  have Seen formulated.  F igures  1 and 2 
show two such concepts.  I n  both cases t h e  MEM i s  braked 
aerodynamically from Mars capture  o r b i t .  Terminal maneuvering 
which inc ludes  contingency f o r  f i n a l  t a r g e t i n g  c o r r e c t i o n s  
and hover t i m e ,  i s  provided by propuls ive  braking.  

I t  has been found t o  be economical t o  s e p a r a t e  t h e  
a s c e n t  capsule  from t h e  su r face  s h e l t e r  t o  minimize M E M  g ross  
weight ,  even though two c r e w  compartments are r equ i r ed .  These 
s t u d i e s  a l s o  show t h a t  MEM gross  weight i s  extremely s e n s i t i v e  
t o  both a s c e n t  capsule  weight and t h e  a scen t  v e l o c i t y  f o r  re- 
t u r n  t o  t h e  p l ane ta ry  s p a c e c r a f t  park ing  o r b i t .  Thus t h e  a scen t  
capsu le  (comprising about 5% of MEM gross  weight)  i s  t h e  only 
segment of t h e  v e h i c l e  re turned .  

Reusab i l i t y  would preclude t h e  use of s e p a r a t e  
compartments s i n c e  a l l  s u r f a c e  systems would be recovered.  
The a s c e n t  capsule  is  t h e r e f o r e  cons iderably  l a r g e r  i n  the 
reusab le  case when used as a shelter on extended s u r f a c e  
miss ions .  

Mars Parking O r b i t  Tradeoffs  

Low c i r c u l a r  o r b i t s  a t  Mars are a t t r a c t i v e  f o r  
the  MEM s i n c e  t h e  v e l o c i t i e s  t o  and from t h e  s u r f a c e  are 
minimized; however, t h e s e  o r b i t s  r e s u l t  i n  h igh  o v e r a l l  
miss ion  weight because capture  and depa r tu re  v e l o c i t i e s  
f o r  t h e  p l ane ta ry  s p a c e c r a f t  a r e  s u b s t a n t i a l l y  inc reased .  
Conversely,  h igh  e l l i p t i c a l  o r b i t s  which are d e s i r a b l e  fo r  
t h e  i n t e r - p l a n e t a r y  s p a c e c r a f t  p e n a l i z e  t h e  MEM due t o  added 
v e l o c i t y  f o r  s u r f a c e  t o  o r b i t  r e t u r n .  I f  m u l t i p l e  s u r f a c e  
l and ings  are performed t h e  tendency would be towards t h e  
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l o w  c i r c u l a r  o r b i t s  f avor ing  t h e  M E M .  Minimization of o v e r a l l  
mission weight  i s  however dependent on numerous f a c t o r s  such 
as s p a c e c r a f t  p ropuls ion  s e l e c t i o n ,  mission class and y e a r ,  
and g ross  payload a t  Mars. N o  a t t empt  a t  o r b i t  op t imiza t ion  
is undertaken here .  

S c a l i n g  Law Re la t ionsh ips  

Reusable v e h i c l e s  a re  conceptua l ly  s i m i l a r  t o  t h e  
nonreusable  des igns  wi th  t h e  except ion t h a t  e n t r y  systems, 
s u r f a c e  s h e l t e r ,  and r e u s a b l e  payload are r e tu rned .  The 
a s c e n t  capsule  and s u r f a c e  s h e l t e r  a r e  combined i n  a s i n g l e  
compartment which, as noted,  s u b s t a n t i a l l y  i n c r e a s e s  the r e t u r n  
payload t o  o r b i t  by comparison t o  t h e  nonreusable  case. 

The fo l lowing  s c a l i n g  r e l a t i o n s h i p s  are assumed: 

Entry Systems - The MEM i s  packaged i n  an Apollo 
type e n t r y  s h e l l  con f igu ra t ion .  Entry systems are a l i n e a r  
func t ion  of g ross  weight  a t  en t ry ,  equa l  t o  15 t o  20% of 
g ross  e n t r y  weight  depending on v e h i c l e  s i z e .  (This r e l a t i o n -  
s h i p  i s  based on c h a r a c t e r i s t i c s  of t h e  MEM des ign  i n  Reference 
4 . )  For t h e  r eusab le  MEM systems, it i s  assumed t h a t  only min- 
i m a l  v e h i c l e  refurbishment  i s  permi t ted  and t h e  complete v e h i c l e  
i s  r e tu rned  t o  o r b i t .  

Propuls ion  - ' L H 2 / L O Z  p r o p e l l a n t s  w i th  an I of 
SP 

460 sec are presumed. Se lec t ion  i s  based on s i m i l a r i t y  w i t h  
o t h e r  I n t e g r a t e d  Program propuls ion systems and t h e  assump- 
t i o n  t h a t  L02/LH2 p r o p e l l a n t  can be manufactured on t h e  
Mart ian su r face .*  P r o p e l l a n t  f r a c t i o n s  ( r a t i o  of p r o p e l l a n t  
weight  t o  p r o p e l l a n t  p l u s  propuls ion system i n e r t s )  of .85, 
.87, or  .89 are presumed, depending on propuls ion  system s i z e .  

Impulsive Veloc i ty  - Ascent v e l o c i t y  which i s  d e t e r -  
mined by t h e  p l a n e t a r y  s p a c e c r a f t  park ing  o r b i t  can vary from 
1 5 , 0 0 0  f p s  f o r  low c i r c u l a r  parking t o  20,000 f p s  f o r  high 

*Previous s t u d i e s  have suggested t h a t  packaging 

T h e o r e t i c a l  performance 
c o n s t r a i n t s  of the aerodynamic s h e l l  may p rec lude  select ion 
of L02/LH2 for  some M E N  designs.  

of t h e  L02/LH2 s t a g e s  approximates t h a t  of FLOX/CH4 s t a g e s ,  
an accep tab le  a l t e r n a t i v e ,  and s c a l i n g  l a w s  der ived  i n  Refer- 
ence 4 sugges t  t h e  weights of t h e  two systems are s imi la r .  Thus 
v e h i c l e  s i z e ,  determined f o r  t h e  L02/LH2 system would be gen- 
e r a l l y  a p p l i c a b l e  t o  e i t h e r  case. 
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e l l i p t i c a l  park ing  o r b i t .  (These inc lude  cont ingencies  f o r  
p l ane  change and rendezvous c o r r e c t i o n s . )  Terminal v e l o c i t y  
a f t e r  a tmospheric  braking is  canceled p ropu l s ive ly .  Approxi- 
mately 3 , 0 0 0  f p s  i s  r equ i r ed .  T h e  t o t a l  impulsive v e l o c i t y  
( a s c e n t  p l u s  descen t )  i s  t h e r e f o r e  frorr, 1 8 , 0 0 0  f p s  t o  23 ,000  
f p s .  

S c a l i n g  l a w s  f o r  t h e  va r ious  c o n f i g u r a t i o n s  a r e  
presented  i n  Table 1. Sca l ing  r e l a t i o n s h i p s  are expressed 
i n  t e r m s  of a non-dimensional "growth f a c t o r "  de f ined  t o  be 
t h e  r a t i o  of s p a c e c r a f t  g ros s  weight,  W ( f u l l y  f u e l e d )  t o  
a scen t  payload, Pa ( a s c e n t  capsule  p l u s  d i s c r e t i o n a r y  pay- 
l o a d ) .  The growth f a c t o r  is a f u n c t i o n  of t h e  fo l lowing  
parameters:  

K = descen t  payload/ascent payload 

r a a s c e n t  m a s s  r a t i o  e 

r = descen t  mass r a t i o  e (Avd/Ig) 
d 

x = p r o p e l l a n t  weight /propel lan t  weight 
+ propuls ion  system weight  

P = ra t io  of en t ry  systems weight  t o  
g ross  weight a t  e n t r y .  

K relates t h e  descent  payload t o  a s c e n t  payload 
and is dependent on the p e c u l i a r  characterist ics of t h e  
mission mode. 
and descen t  impulsive ve loc i t i e s ,  AV 

A and 1-1 are t h e  assumed veh ic l e  m a s s  characterist ics.  

r and rd are der ived  f r o m  t h e  assumed a s c e n t  a 
and AV3 r e s p e c t i v e l y  a 

Mission Mode ComDarison 

T o  determine t h e  r e l a t i v e  performance c h a r a c t e r i s t i c s  
of t h e  g e n e r i c  classes of MEM v e h i c l e s  ( i .e . ,  nonreusable ,  
r e u s a b l e / o r b i t  fue l ed ,  reusable / sur face  f u e l e d )  it i s  necessary 
t o  compare ope ra t ions  i n  a s s o c i a t i o n  w i t h  s p e c i f i c  mission mode 
requirements .  For example, whereas a r eusab le  vehicle might 
be p r o h i b i t i v e l y  heavy f o r  use as a s u r f a c e  base  it could be  
compet i t ive  w i t h  nonreusable  veh ic l e s  for  c r e w  l o g i s t i c s  and 
cargo d e l i v e r y  missions.  I n  t h i s  con tex t  f o u r  classes of 
miss ions  are considered:  
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L o g i s t i c s  - c r e w  t r a n s p o r t  t o  and from 
t h e  s u r f a c e  w i t h  l imi t ed  payload, repre-  
s e n t a t i v e  of a minimum mission i n  suppor t  
of an e x i s t i n g  base.  

S e l f  Contained Surface Base - c r e w  t r a n s -  
p o r t  t o g e t h e r  w i t h  s u b s t a n t i a l  s u r f a c e  
s h e l t e r  and payload for  e s t ab l i shmen t  
of a s e l f  conta ined  base wi th  a d u r a t i o n  
of between 30 t o  60  days. 

Cargo Del ivery - d e l i v e r y  of one way 
cargos t o  t h e  su r face  f r o m  o r b i t  f o r  
supply of a l a r g e  permanent o r  s e m i -  
permanent base. 

Fuel  Del ivery - de l ive ry  of p r o p e l l a n t s  
from t h e  s u r f a c e  t o  the s p a c e c r a f t  f o r  
r e f u e l i n g  t h e  p l ane ta ry  s p a c e c r a f t  f o r  
i t s  subsequent  r e t u r n  t o  e a r t h .  

Comparison of the d i f f e r e n t  MEN conf igu ra t ions  a l so  
r e q u i r e s  e s t i m a t i o n  of t h e  r e l a t i o n s h i p  between a s c e n t  and 
descen t  payloads f o r  s imi l a r  types of missions.  For example, 
t h e  a s c e n t  payload f o r  a reusable  system inc ludes  t h e  s u r f a c e  
shelter whereas i n  t h e  nonreusable case m o s t  of t h e  payload 
remains on t h e  s u r f a c e  and only a s m a l l  c r e w  capsu le  i s  
r e tu rned .  

Ascent capsule  payload f o r  t h e  nonreusable  M E M  i s  
on t h e  order of 1 , 0 0 0  lbs/man, based on s t u d i e s  i n  References 
4 and 5. T h i s  should be r e l a t i v e l y  independent of s t ay t ime  
s i n c e  t h e  a s c e n t  capsule  i s  occupied only du r ing  a r r i v a l  and 
d e p a r t u r e  t i m e s .  T h e  s u r f a c e  s h e l t e r  weight  i s  approximately 
2 , 0 0 0  lbs/man ( f o r  30 t o  60 day s t ay t ime)  and s u r f a c e  payload 
i s  about 1 , 0 0 0  lbs/man. To ta l  landed payload f o r  the  nonre- 
u s a b l e  des igns  i s  es t imated  a t  4 , 0 0 0  lbs/man f o r  self conta ined  
s u r f a c e  base  missions.  Return payload would be equal  t o  1,000 
lbs/man ( t h e  a s c e n t  capsule  a l o n e ) .  

I n  t h e  case of t h e  reusable  MEM it i s  l i k e l y  t h a t  
the s h e l t e r  and l a r g e  payload i t e m s  ( i . e . ,  mob i l i t y  systems, 
experiments,  e tc . )  would be re turned  f o r  r euse .  Moreover 
t h e  a s c e n t  capsule  and s h e l t e r  would probably be combined 
t o  achieve  s u b s t a n t i a l  reduct ions  i n  weight  r e l a t i v e  t o  t w o  
s e p a r a t e  compartments. For t h e  log is t ics  mission ( t r anspor -  
t a t i o n  capsule  only)  t h e  round t r i p  payload i s  assumed t o  be 
1 5 0 0  lbs/man. This is  50% g r e a t e r  than  t h e  nonreusable  case 
s i n c e  systems which are requi red  f o r  t h e  landing  phase are 
r e t u r n e d  f o r  r euse  on subsequent f l i g h t s ,  i n  a d d i t i o n  t o  t h e  
basic ascent system. 
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For t h e  r eusab le  su r face  base mission,  round t r i p  
payload i s  assumed t o  be 3000 lbs/man,* a s  compared t o  4000 
lbs/man descent  payload f o r  t h e  compar i t ive  nonreusable  base 
mission. The 1 0 0 0  lbs/man saving i s  a t t r i b u t e d  t o  combining 
t h e  s h e l t e r  and a s c e n t  systems. For t h e  cargo m i s s i o n ,  it 
i s  presumed t h a t  t h e  crew capsule  i s  s imi la r  t o  t h a t  u t i l i z e d  
on t h e  l o g i s t i c s  m i s s i o n ,  w i th  an a d d i t i o n a l  1500  lbs/man 
cargo payload d e l i v e r e d  t o  t h e  s u r f a c e  from o r b i t .  The 1500 
lbs/man i s  s u f f i c i e n t  f o r  ex tens ive  resupply and d e l i v e r y  of 
l a r g e  i n t e g r a l  s u r f a c e  payloads. I n  t h e  p r o p e l l a n t  r e f u e l i n g  
case, t h e  a s c e n t  payload, comprised of p r o p e l l a n t  d e l i v e r e d  
from t h e  s u r f a c e  t o  o r b i t  p l u s  r eusab le  c o n t a i n e r s  and c r e w  
compartment, i s  a r b i t r a r i l y  assumed t o  be 4 t i m e s  t h e  descen t  
payload. For comparison wi th  o the r  modes t h e  descen t  payload 
i s  normalized t o  1500  lbs/man y i e l d i n g  a 1 5 0 0  lbs/man a s c e n t  
payload and a 4500 lbs/man p r o p e l l a n t  capac i ty .  These pay- 
load  d a t a  are  summarized i n  Table 2. 

Performance Analysis  

The r e s u l t s  of t h e  comparisons (based on Tables 1 
and 2 )  are shown f o r  s e v e r a l  r e p r e s e n t a t i v e  cases i n  F igures  
3 and 4 .  (Assumed m a s s  c h a r a c t e r i s t i c s  and payloads a r e  noted 
on t h e  f i g u r e s . )  S i n g l e  s t a g e  and two s t a g e  l o g i s t i c s  v e h i c l e s  
(F igure  3)  o p e r a t i n g  from low c i r c u l a r  o r b i t  ( 1 5 , 0 0 0  f p s )  weigh 
6,800 lbs/man and 6,000 lbs/man r e s p e c t i v e l y .  By comparison a 
r eusab le  v e h i c l e  f u e l e d  on o r b i t  weighs 2 6 , 0 0 0  lbs/man, and a 
r e u s a b l e  v e h i c l e  f u e l e d  on t h e  s u r f a c e  weighs 1 2 , 7 0 0  lbs/man.** 
The maximum v e l o c i t y  achievable  by an o r b i t a l l y  r e f u e l e d  v e h i c l e  
i s  less than  18,000 f p s ,  whereas t h e  nonreusable and s u r f a c e  
r e f u e l e d  v e h i c l e s  can  reach  high e l l i p t i c a l  o r b i t  a t  20 ,000  
fps .  Weights f o r  t h e  s i n g l e  s t age  and two s t a g e  v e h i c l e s  
when o p e r a t i n g  from high e l l i p t i c a l  o r b i t  are 13,400 lbs/man 
and 9 , 6 0 0  lbs/man r e s p e c t i v e l y ,  and t h e  weight of  t h e  s u r f a c e  
f u e l e d  r eusab le  v e h i c l e  i s  35,000 lbs/man. N o t e  t h a t  t h e r e  i s  
r e l a t i v e l y  l i t t l e  ga in  a f forded  by s t a g i n g  nonreusable veh ic l e s .  

The weights of t h e  MEM v e h i c l e s  r equ i r ed  f o r  pe r fo r -  
mance of t h e  s u r f a c e  base mission are given i n  F igure  4 .  The 
s i n g l e  s t a g e  nonreusable veh ic l e  weights  f o r  low c i r c u l a r  

*lbs/man i s  a convenient way of r e l a t i n g  t h e  va r ious  
payloads f o r  purposes of comparing d i f f e r e n t  classes of  v e h i c l e s  
and missions.  

**These f i g u r e s  r e f e r  t o  t h e  g ross  weight  of t h e  f u l l y  
f u e l e d  s t age .  Thus f o r  t h e  su r face  fue l ed  v e h i c l e s  t h i s  would 
be weight  on t h e  s u r f a c e  p r i o r  t o  l i f t o f f .  Maximum weight of 
o r b i t a l l y  f u e l e d  v e h i c l e s  would be p r i o r  t o  s e p a r a t i o n  from t h e  
p l a n e t a r y  s p a c e c r a f t .  
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and high e l l i p t i c a l  o r b i t s  are 1 2 , 0 0 0  lbs/man and 18,000 l b s /  
man r e s p e c t i v e l y ,  about t w i c e  t h a t  of t h e  l o g i s t i c s  v e h i c l e .  
The o r b i t a l l y  f u e l e d  r e u s a b l e  v e h i c l e  weight  i s  by comparison 
52,000 l b s  f o r  l o w  c i r c u l a r  o r b i t ,  and cannot achieve t h e  
h igh  e l l i p t i c a l  o r b i t .  

From t h i s  d a t a  it i s  observed t h a t  

Reusable v e h i c l e s  are s i g n i f i c a n t l y  h e a v i e r  
than  nonreusable  vehicles and would m o s t  
l i k e l y  only be p r a c t i c a l  i n  a s s o c i a t i o n  
w i t h  low Mars capture  o r b i t  ope ra t ions .  
The  on-orb i t  r e f u e l i n g  v e h i c l e  could n o t ,  
i n  fac t ,  achieve velocities much g r e a t e r  
t han  1 7 , 0 0 0  f p s .  

A n o t a b l e  sav ings  i n  r e u s a b l e  vehicle 
weight  can be achieved i f  r e f u e l i n g  on 
t h e  s u r f a c e  is  poss ib l e .  T h i s  i s  be- 
cause landing  systems weight  is  substan-  
t i a l l y  reduced when t h e  s t a g e  e n t e r s  t h e  
atmosphere devoid of p r o p e l l a n t s .  

S i n g l e  s t a g e  nonreusable v e h i c l e s  are 
almost compet i t ive  wi th  t w o  s t a g e  de- 
s i g n s  i f  p r o p e l l a n t  f r a c t i o n s  of .85 
are achievable .  

F igure  5 shows a comparison of r eusab le  and non- 
r eusab le  MEM g ross  weight  p lus  p r o p e l l a n t  d e l i v e r e d  t o  l o w  
c i r c u l a r  o r b i t  f o r  m u l t i p l e  landing miss ions .  A three man 
l o g i s t i c s  mission and three man 30 t o  6 0  day base  mission 
are selected as examples. The nonreusable  MEM's opera t ing  
f r o m  l o w  c i r c u l a r  park ing  o r b i t  have g ross  weights  of 20k 
and 35k fo r  l o g i s t i c s  and base des igns  r e s p e c t i v e l y .  Re-  
u sab le  MEM's have compari t ive g ross  weights  of 75k and 150k, 
o r  approximately f o u r  t i m e s  t h e  nonreusable  MEM weight ,  f o r  
both  cases. Weight breakdowns of t h e  f o u r  des igns  are shown 
i n  Table 3. Approximately two t h i r d s  of r eusab le  MEM gross  
weight  i s  p r o p e l l a n t  which i s  r e supp l i ed  on o r b i t  f o r  each 
landing.  Note t h e  curves  i n  Figure 5 d ive rge  because re- 
usab le  MEM p r o p e l l a n t  weight i s  greater than  t o t a l  weight 
of t h e  nonreusable  MEM. 
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P r o p e l l a n t  manufacture on t h e  s u r f a c e  i n  c o n t r a s t  
t o  r e f u e l i n g  i n  Mars o r b i t  (Figure 3 )  would enable  t h e  re- 
usable  3 man l o g i s t i c s  v e h i c l e  weight t o  be reduced from 75k 
t o  approximately 40k, about twice t h a t  of t h e  nonreusable  
MEM. Manufacture of 27k of p r o p e l l a n t s  would be r equ i r ed  
f o r  each f l i g h t .  This may be a n  a t t r a c t i v e  a l t e r n a t i v e  on 
advance missions.  

F igure  6 shows a comparison of r eusab le  l og i s t i c s  
v e h i c l e s  modified t o  d e l i v e r  a 1500 lb/man cargo complement 
as w e l l  as crew t o  t h e  s u r f a c e  f r o m  o r b i t  i n  suppor t  of a 
permanent o r  long t e r m  s u r f a c e  base. Delivery of 3 men p lus  
4500 l b s  t o  t h e  s u r f a c e  from low c i r c u l a r  parking o r b i t  re- 
q u i r e s  MEM g ross  weights of 54,000 l b s  and 1 0 0 , 0 0 0  l b s  f o r  
s u r f a c e  f u e l e d  and o r b i t  f u e l e d  v e h i c l e s  r e s p e c t i v e l y .  A 
s u r f a c e  fue l ed  v e h i c l e  f r o m  high e l l i p t i c a l  parking o r b i t  
would weigh 150,000 l b s .  

I f  t h e  r eusab le  MEM were t o  d e l i v e r  f u e l  from t h e  
s u r f a c e  t o  low Mars o r b i t ,  (Figure 7)  approximately 6 l b s  of 
p r o p e l l a n t  would have t o  be  manufactured f o r  each l b  of pro- 
p e l l a n t  d e l i v e r e d  t o  t h e  p l ane ta ry  s p a c e c r a f t  i n  parking 
o rb i t .  This r a t i o  i s  inc reased  t o  13 l b s  f o r  d e l i v e r y  of 
p r o p e l l a n t s  t o  high e l l i p t i c a l  o r b i t .  S e l e c t i o n  of t h e  o p t i -  
mum p l a n e t a r y  s p a c e c r a f t  parking o r b i t  f o r  r e f u e l i n g  opera- 
t i o n s  u l t i m a t e l y  depends on such f a c t o r s  a s  t o t a l  q u a n t i t y  
of p r o p e l l a n t ,  number of  M E M  f u e l i n g  miss ions ,  and p r o p e l l a n t  
manufacturing ra te .  For a Mars d e p a r t u r e  Av of 1 0 , 0 0 0  f p s  
above low c i r c u l a r  park ing  o r b i t  and 4,000 f p s  f o r  e a r t h  
c a p t u r e , *  t y p i c a l  of conjunct ion class missions,  1 . 6  l b s  of  
p r o p e l l a n t  i s  r equ i r ed  f o r  each l b  of payload d e l i v e r e d  t o  
e a r t h  c a p t u r e  o r b i t .  Consequently 6 x 1 . 6  2 1 0  l b s  of pro- 
p e l l a n t  would have t o  be manufactured f o r  each l b  of payload 
r e tu rned  t o  e a r t h  o r b i t . * *  The r e t u r n  of a 1 0 0 , 0 0 0  l b  module 
and 2 0 , 0 0 0  l b  i n e r t  s t a g e  would r e q u i r e  manufacture of 
1 , 2 0 0 , 0 0 0  l b s  of p r o p e l l a n t  and t r a n s p o r t  of 2 0 0 , 0 0 0  l b s  of 
p r o p e l l a n t  t o  o r b i t .  These weights are r e s p e c t i v e l y  1,300,000 
l b s  and 1 0 0 , 0 0 0  l b s  f o r  high e l l i p t i c a l  o r b i t .  I n  t h e  case 
of d e p a r t u r e  from l o w  c i r c u l a r  o r b i t  15  f u e l  d e l i v e r y  f l i g h t s  
by a v e h i c l e  of approximately 1 0 0 , 0 0 0  l b s  g ross  weight (on 
t h e  s u r f a c e )  would be r equ i r ed .  Thus r e f u e l i n g  of a plane- 
t a r y  s p a c e c r a f t  from s u r f a c e  manufactured p r o p e l l a n t s  does 
n o t  appear  p r a c t i c a l .  

- 

*Return t o  high e l l i p t i c a l  e a r t h  o r b i t  

**Presuming an  a l l  chemical propuls ion  system 
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Conclusion 

MEM r e u s a b i l i t y  inc reases  g ross  v e h i c l e  weight by 
approximately a f a c t o r  of f o u r  and v e h i c l e  dry weight by a 
f a c t o r  of t w o .  For 1 0  landing  missions t h e  dry  weight of t h e  
1 0  nonreusable  systems i s  5 times as g r e a t  as t h e  r eusab le  sys- 
t e m  dry  weight. The q u a n t i t y  of p r o p e l l a n t  supp l i ed  t o  t h e  
r eusab le  MEM by t h e  p l ane ta ry  s p a c e c r a f t  exceeds t h e  t o t a l  
weight of a nonreusable MEM by a factor  of approximately 
2 1/2. T o t a l  weight i nc lud ing  p r o p e l l a n t  f o r  r e f u e l i n g  i s  
g r e a t e r  f o r  t h e  r eusab le  system r e g a r d l e s s  of t h e  number of 
landings.  This i s  t r u e  f o r  minimum l o g i s t i c s  f l i g h t s  as w e l l  
a s  l a r g e  s e l f  conta ined  base m i s s i o n s .  Reusable systems 
moreover, would r e q u i r e  low c i r c u l a r  parking o r b i t s  a t  Mars 
f o r  e f f i c i e n t  ope ra t ions  which f u r t h e r  i n c r e a s e s  p l a n e t a r y  
s p a c e c r a f t  weight. Reusable MEM's would be j u s t i f i a b l e  only 
i f  r e c u r r i n g  cost  of nonreusable v e h i c l e s  overshadowed t h e  
e f f e c t  of t h e s e  weight i nc reases .  

Manufacturing p r o p e l l a n t s  on t h e  s u r f a c e  of Mars 
f o r  a r e t u r n  t r i p  t o  e a r t h  does n o t  appear p r a c t i c a l  compared 
t o  b r ing ing  p r o p e l l a n t s  a long f o r  t h e  round t r i p .  P r o p e l l a n t  
manufacture does however o f f e r  promise f o r  MEM s u r f a c e  t o  
o r b i t  ope ra t ions .  

1 0  13-MHS-klm ab M .  H .  Skeer  

Attachments 
Tables 1-3 
F igures  1-7 
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APPENDIX 

T h i s  appendix p re sen t s  t h e  e s s e n t i a l s  of t h e  d e v i a t i o n  
of s c a l i n g  l a w s  i n  T a b l e  1. 

L i s t  of Symbols 

= a s c e n t  payload 

= descen t  payload 
'a 

'd 

AVa = a s c e n t  AV 

= descen t  AV Avd 

I = s p e c i f i c  i m p u l s e  

9 = g r a v i t a t i o n a l  c o n s t a n t  

r = mass a t  l i f t o f f / m a s s  i n  o r b i t  ( recovered)  

= m a s s  a t  entry/mass landed on s u r f a c e  r 

x = p r o p e l l a n t  weight /propel lan t  + propuls ion  

a 

d 

systems w e i g h t  

F\ = r a t i o  of en t ry  systems weight  t o  weight 
a t  e n t r y  

W = a s c e n t  p rope l l an t  

W 
Pa 

= descent  p rope l l an t  
Pd 

= m a s s  a t  entry 

= landed mass 

= m a s s  a t  ascent  

= m a s s  i n  o r b i t  ( recovered)  

'e 

w1 

'a 

'r 
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From t h e  rocke t  equat ion  

A- 2 

e 

AVd we 
I g  w, 

- r d -  - = 
I e 

The m a s s  of t h e  MEM a t  var ious s t a g e s  of f l i g h t  i s  comprised 
of t h e  e n t r y  system ( h e a t  s h i e l d ,  a e r o s h e l l  s t r u c t u r e ,  l anding  
gear  e t c . ) ,  a s c e n t  and descent  p r o p e l l a n t s ,  p ropuls ion  systems, 
and a s c e n t  and descen t  payload. A s  an example, cons ide r  t h e  
case of t h e  s i n g l e  s t a g e  nonreusable MEM: 

A t  e n t r y  t h e  weight  i s  comprised of 

Entry and landing  system = pWe 

A s  c e n t  p r o p e l l a n t  = w  
P a  

W 1- x Ascent propuls ion  system = - 
A Pa 

Pd 
D e s  c e n t  p r o p e l l a n t  = w  

W 1- x Descent propuls ion system = - 
Pd 

Descent payload = Pd 

so  t h a t  

1- A 1- x 
we = pwe + (1 + +Wpa + (1 + +Wpa + ’d 
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o r  

'e - - 1-u 1 pa "pd] + K P a  ( 3 )  

A t  l anding  t h e  only weight change i s  t h e  discharged 
descen t  p r o p e l l a n t .  Therefore  

=uWe+.. 1- x + p a + P d  W 
w1 Pd ( 4 )  

A t  a s c e n t  only ascent payload and a s c e n t  propuls ion  
are r e tu rned  t o  o rb i t .  Surface launch weight i s  t h e n  

W 
'a - - * + P a  A ( 5 )  

A t  rendezvous w i t h  p r o p e l l a n t  expended t h e  r e t u r n  
weight  i s  simply, 

1 - x  
+ 'a 

- wr - - a Pa 

W W1 and Wr can be s y s t e m a t i c a l l y  pa'  pd' 'a' 'e' The s i x  unknowns W 

determined by the s i x  equat ions 1-6.  

by Pa, t h e  express ion  f o r  t h e  nonreusable  stage growth f a c t o r  i s  

ob ta ined  . 
Solving f o r  We, and d iv ided  
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ASCENT VELOCITY (FPS) 

FIGURE 3 - COMPARISON OF MEM GROSS WEIGHTS FOR LOGISTICS MISSIONS AS A FUNCTION 
OF ASCENT VELOCITY 



ASCENT VELOCITY (FPS) 

FIGURE 4 - COMPARISON OF MEM GROSS WEIGHTS FOR SELF CONTAINED MARS SURFACE BASE 
MISSIONS AS A FUNCTION OF ASCENT VELOCITY 
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FIGURE 5 - COMPARISON OF TOTAL WEIGHT DELIVERED TO MARS PARKING ORBIT FOR REUSABLE AND 
NONREUSABLE 3 MAN MEM’S AS A FUNCTION OF THE NUMBER OF LANDINGS 
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FIGURE 6 - COMPARISON OF MEM GROSS WEIGHTS FOR CARGO DELIVERY TO AND 
FROM THE MARTIAN SURFACE AS A FUNCTION OF ASCENT VELOCITY 
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FIGURE 7 - MEM GROSS WEIGHT FOR DELIVERY OF PROPELLANT FROM 
THE SURFACE OF MARS TO MARS ORBIT 
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